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ABSTRACT OF THESIS

EIGHT-YEAR REGENERATION RESPONSE TO GAP-BASED IRREGULAR
SHELTERWOOD PRACTICES IN OAK DOMINATED STANDS NEAR BEREA,
KENTUCKY
This research examined regeneration dynamics following gap-based irregular
shelterwood practices in intermediate productivity oak (Quercus)-dominated stands
located in Berea College Forest, Berea, KY, USA. Established in 2012, the study includes
12 experiment units comprising a circular harvest gap (30 m radius) and a matrix zone
delineated around the circumference of the gap, which extended 30 m from the gap edge
into the adjacent forest. A midstory removal treatment was performed within six of the
experiment units’ matrices, while six matrices were left untreated (control). Belt transects
extending 60 m from gap center to the end of the matrix zone were established within
each experimental unit to quantify oak regeneration dynamics. Nested regeneration
surveys (radius: 1.13 and 1.7 m) were established every 10 m along each transect, along
with one plot at the center of the gap to quantify regeneration dynamics of woody
competitors. Eight-year height growth and total heights of oaks were greatest within the
gap decreasing towards the gap edge and plateauing in the adjacent forest matrix. Within
the gap and at gap edge, woody non-oak stems were taller than oak reproduction,
providing evidence that gap edge was not successful in enhancing the competitive ability
of oak. Tree density had few statistically significant differences among species when
compared across location-treatments, distance categories and years. The midstory
removal matrix treatment did not show an enhanced effect on oak height or density in
comparison to the untreated matrix.
KEYWORDS: Gap-Based Silviculture, Oak Regeneration, Irregular Shelterwood, Edge
Effects

Brooke Elizabeth Gauthier
(Name of Student)
07/24/2022
Date

EIGHT-YEAR REGENERATION RESPONSE TO GAP-BASED IRREGULAR
SHELTERWOOD PRACTICES IN OAK-DOMINATED STANDS NEAR BEREA,
KENTUCKY

By
Brooke Elizabeth Gauthier

Dr. John M. Lhotka
Director of Thesis
Dr. Steven Price
Director of Graduate Studies
07/24/2022
Date

DEDICATION
To my parents, Rosanne and Thomas.

ACKNOWLEDGMENTS
The following thesis, while an individual work, benefited from the insights and
direction of several people. First, I would like to thank my advisor Dr. John Lhotka, as
well as my committee members, Drs. Jeffery Stringer and Jacob Muller, for their
exemplary guidance and assistance in the completion of this research and my degree.
Second, University of Kentucky Department of Forest and Natural Resources for funding
my assistantship. I would also like to thank the Department of Forestry and Natural
Resources staff member, Zachary Hackworth, who worked beyond expectations to
provide assistance and insight throughout the project. As well as Steven Nevels and Luke
Starkey for their help in data collection. Lastly, I wish to thank Berea College and Clint
Patterson, who allowed me to conduct research in the Berea College Forest, Berea, KY.

iii

TABLE OF CONTENTS

ACKNOWLEDGMENTS ............................................................................................................................. iii
LIST OF TABLES ..........................................................................................................................................v
LIST OF FIGURES ...................................................................................................................................... vii
CHAPTER 1. Introduction .............................................................................................................................1
CHAPTER 2. Methods and Materials ............................................................................................................6
2.1

Experimental Design .........................................................................................................................6

2.2 Data Collection ............................................................................................................................... 10
2.2.1 Original Natural Reproduction Methodology ............................................................................. 10
2.2.2 Re-Measure Natural Reproduction Methodology ....................................................................... 10
2.3 Statistical Analysis .......................................................................................................................... 11
2.3.1 Oak Transects ............................................................................................................................. 11
2.3.2 Regeneration Plots ...................................................................................................................... 14
2.2.3 Height of Upper 25th Percentile .................................................................................................. 16
2.3.4 Proportional Density ................................................................................................................... 17
2.3.5 Program Usage ............................................................................................................................ 17
CHAPTER 3. Results ................................................................................................................................... 18
3.1 Oak Transects ................................................................................................................................. 18
3.1.1 Height ......................................................................................................................................... 18
3.1.2 Per-Hectare Density .................................................................................................................... 26
3.2 Regeneration Plots .......................................................................................................................... 34
3.2.1 Height ......................................................................................................................................... 34
3.2.2Per Hectare-Density ..................................................................................................................... 36
3.3

Height of the Upper 25th Percentile ................................................................................................ 39

3.4

Proportional Density....................................................................................................................... 41

CHAPTER 4. Discussion ............................................................................................................................. 44
CHAPTER 5. Conclusion ............................................................................................................................. 52
APPENDIX…………………………………………………………………………………………………54
BIBLIOGRAPHY ......................................................................................................................................... 55
VITA………………………………………………………………………………………………………..62

iv

LIST OF TABLES
Table 3.1 Total height of oak reproduction in 2012, 2014 and 2020 and height growth
(mean ± SE) presented by distance category and location-treatment from the belt
transects…………………………………………………………………………………..22
Table 3.2 Total height change of oak reproduction between 2012, 2014 and 2020 and
height growth (mean ± SE) presented by distance category and location-treatment from
the belt transects………………………………………………………………………….25
Table 3.3 Total per-hectare density (mean ± SE) of oak reproduction in 2012, 2014 and
2020 presented by distance category and location-treatment from the belt transects……29
Table 3.4 Total per-hectare density change (mean ± SE) of oak reproduction between
2012, 2014 and 2020 presented by distance category and location-treatment from the belt
transects…………………………………………………………………………………..32
Table 3.6 Total height (cm; mean ± SE) of competitor species reproduction within the
matrix by distance from gap edge (m) and location-treatment from the 2020 nested
regeneration plots………………………………………………………………………...36
Table 3.7 Total per-hectare density (mean ± SE) of competitor species reproduction
within the gap by distance from gap edge (m) and species group from the 2020 nested
regeneration plots………………………………………………………………………...37
Table 3.8 Total per-hectare density (mean ± SE) of competitor species reproduction
within the matrix by distance from gap edge (m) and location-treatment from the 2020
nested competition plots…………………………………………………………………38

v

Table 3.9 Height of the upper 25th percentile of oak and competitor species reproduction
within the gap by distance from gap edge (m) and species group from the 2020 nested
regeneration plots………………………………………………………………………...39
Table 3.10 Height of the upper 25th percentile of oak and competitor species
reproduction within the matrix by distance from gap edge (m) and species group from the
2020 nested regeneration plots…………………………………………………………...41
Table 3.11 Proportional density of oak and competitor species reproduction within the
gap by distance from gap edge (m) and species group from the 2020 nested regeneration
plots………………………………………………………………………………………42
Table 3.12 Proportional density of oak and competitor species reproduction within the
matrix by distance from gap edge (m) and species group from the 2020 nested
regeneration plots………………………………………………………………………...43

vi

LIST OF FIGURES
Figure 2.1 Design of gap-based experimental units, including belt transects and nested
regeneration plots, at Berea College Forest, Berea, KY, USA……………………………9
Figure 2.2 Design of location-treatment and distance category factor levels employed in
statistical analysis of oak reproduction data from the gap-based experimental units 12
Figure 2.3 Design of location-treatment and distance category factor levels employed in
statistical analysis of the regeneration plot data from the gap-based experimental units..15
Figure 3.1 The average height (cm) and standard error of oak organized in 1 m intervals
by matrix treatment (i.e., control and midstory removal) collected from the 60 m belt
transects in 2020…………………………………………………………………………19
Figure 3.2 Average per-hectare density and standard error of oak organized in 1 m
intervals by matrix treatment collected from the 60 m belt transects in 2020…………...27
Figure 4.1 Mean height (cm) of the tallest 25% of seedlings by species group and
distance from gap edge (m)………………………………………………………………47
Figure 4.2 Proportional density of seedlings by species group and distance from gap edge
(m)………………………………………………………………………………………..48

vii

CHAPTER 1. INTRODUCTION
Declining oak (Quercus spp.) regeneration and recruitment can be attributed to
changes in historic disturbance patterns and subsequent changes in forest structure and
species composition (Whitney, 1994; Aldrich et al., 2005). Fire suppression policies
enacted the early 1900s (Brose et al., 2001), followed by exploitive timber harvesting
(i.e., high grading) and the abandonment of agroforest subsistence in the 20th century
(Whitney, 1994) led to the proliferation of shade-tolerant, fire-intolerant competitors,
such as red maple (Acer rubrum L.) (McEwan et al., 2010). To adequately promote
growth of shade-intolerant to shade-intermediate oaks, the canopy floor must have 20%
to 50% full sunlight (Phares, 1971; Gottschalk, 1994). Conditions favoring shadetolerance species produce dense mid-story canopies (i.e., intermediate or overtopped
crown classes) which limits understory light transmittance to less than 10% full sunlight
at the forest floor (Motsinger et al., 2010; Grayson et al., 2012; Parrott et al., 2012). The
combination of decreased light availability with competition from dense canopy forming
shade-tolerant advance regeneration has led to an estimated survival rate of < 10% for
northern red oak (Quercus rubra L.) seedlings growing in undisturbed oak forests of the
Southern Appalachian Mountains (Loftis, 1990). Oak’s ability to compete when grown
within dense midstories and understories further decreases on mesic upland sites
throughout the Appalachia region (Brose et al., 2001). To promote oak regeneration and
recruitment via enhanced light availability and decreased competition, sufficient
silviculture practices must be identified.
To determine factors and management strategies that promote oaks regenerative
potential and competitiveness, an array of silviculture systems have been evaluated.
1

Even-aged silvicultural systems are designed to regenerate a stand with predominantly
one age class, with the range of tree ages usually less than 20% of the rotation age
(Helms, 1998). Clearcut and shelterwood even-aged methods have both shown mixed
results in their ability to regenerate oak (Loftis, 1990; Johnson et al., 2009). Shelterwoods
in several different U.S. states promoted new and existing cohorts in upland and
bottomland oak forests (Spetich et al., 2002; Oliver et al., 2005; Povak et al., 2008; Frank
et al., 2018), along with promoting the growth of white and red oak heights in
intermediate sites (Hackworth et al., 2019). However, even-aged systems located on
higher productivity sites have led to greater competition between oak and non-oak
species in comparison to xeric locations (Johnson et al., 2009). Many even-aged
practices, particularly clearcutting, have more successfully promoted the establishment of
fast-growing shade-intolerant competitors, such as yellow-poplar (Liriodendron tulipifera
L.) and the release of shade-tolerant species, such as red maple (Sander, 1972; Beck and
Hooper, 1986; Johnson, 1992; Hackworth et al., 2019). These woody competitors can
quickly outcompete oak advance regeneration and precludes oak from occupying
dominant canopy classes in the future (Sander, 1972; Loftis, 1983).
Unlike traditional even-aged silvicultural systems, irregular silviculture creates a
multi-aged cohort forest by mimicking natural disturbance, such as an ice storm or the
impacts of invasive species (Coates and Burton, 1997; Smith et al., 1997). In addition,
irregular silviculture better promotes stand heterogeneity and species diversity (O’Hara,
2014). Gap-based silvicultural prescriptions nest new reproduction and younger age
classes within an older cohort to produce a multi-cohort stand (Coates and Burton, 1997;
O’Hara, 2014). The ability of silvicultural gaps to reproduce desired species is dependent
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on species composition prior to cutting, gap size, surrounding forest canopy density and
post-treatment microclimate conditions (Kern et al., 2017). Changes in gap sizes create
different percentages of direct sunlight into the gap and diffuse light transmittance into
forest understories surrounding the gaps (Chen et al., 1993). For example, smaller gaps
are more likely to regenerate shade-tolerant species due to the lack of direct sunlight
while larger gap sizes provide increased levels of direct sunlight, enhancing the potential
to regenerate shade-intermediate to shade-intolerant species (Lhotka, 2013). Research
conducted by Lhotka et al. (2018) examined the complexities between three different gap
sizes and different species regeneration potential on 51-year-old silvicultural gaps of 0.02
ha, 0.16 ha and 0.46 ha. From this experiment, it was concluded that the 0.02 ha gap
produced the smallest diameter at breast height (DBH) for maple (Acer spp.) and oak, the
0.16 ha gap produced the largest relative density of oak, and the 0.46 ha gap produced the
highest relative density of yellow poplar (Lhotka et al., 2018). Overall, Lhotka et al.
(2018) was able to provide evidence that gap silviculture can help promote oak
regeneration within a forest.
Regeneration patterning of oaks and competitor species, along with light
transmittance, has been well-documented within harvested gaps (Kern et al., 2017);
however, information on the influence of edge effects and the surrounding forest matrix
in gap-based silvicultural practices is limited (Arseneault et al., 2011; Raymond et al.,
2016). Gap characteristics (i.e., topographic aspect, shape) combined with site-level
edaphic factors, such as soil moisture, (Chen et al., 1993; Gray et al., 2002; Prévost and
Raymond, 2012) effect the edge environment and species regeneration potential.
Research evaluating seedling development suggests edge environments within the outer
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margin of the gap or in the forest matrix surrounding the gap may be suitable for oak
regeneration (Lhotka and Stringer, 2013; Greenler and Saunders, 2018; McNab and
Oprean, 2021). The expanding-gap variant of an irregular shelterwood, mimicking the
Bayerischer Femelschlag, has been known to successfully use forest edges to regenerate
species by gradually enlarging a gap until the overstory is removed and the stand is fully
regenerated (Raymond et al., 2009). Similarly, research which utilized gap-based
irregular shelterwood practices documented that oak was most competitive within 10 m
on either side of the gap edge where light transmittance ranged between 20 and 50% full
sunlight and competitor species frequency was diminished (Patterson et al., 2021).
Therefore, the potential for promoting oak in eastern North American hardwood forests
through the utilization of edge environments within gap-based systems seems possible.
The purpose of this project is to expand our understanding of relationships
between gap-based shelterwood practices and the spatial distribution of oak regeneration
early in stand development. Similarly, this project contributes to the foundational
understanding of whether midstory removal can serve as a silviculture treatment to
amplify edge effects surrounding a harvest gap. Several short-term studies have been
conducted to determine regeneration patterns immediately (1-2 years) following the
implementation of gap-based silviculture system (Greenler and Saunders, 2018, Patterson
et al,. 2021). This project provides information on how distribution and abundance of
species have changed from initial gap formation until the onset of canopy closure (from
pre-harvest to eight years post-harvest). In this context, the following objectives were
pursued: (1) describe changes among oak and non-oak regeneration along a spatial
gradient, extending from the gap center (0 m) to the edge of the gap (30 m radius) and 30
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m out into the forest surrounding the gap (total of 60 m radius), (2) determine whether
spatial location relative to the gap edge affects oak and non-oak regeneration following a
gap-harvest with and without midstory removal treatment in the surrounding forest
matrix, (3) compare and contrast the data collected in 2020 with the data collected in
2012 and 2014 by Patterson et al. (2021) to determine trends in species abundance and
spatial distribution.

5

CHAPTER 2. METHODS AND MATERIALS
2.1

Experimental Design
This research is a continuation of Patterson et al. (2021). In the fall of 2012,

twelve study sites were established within a three-mile radius on Berea College Forest
(37.55°N, 84.24°W) near Berea, KY, which is located within the western edge of the
Northern Cumberland Plateau ecological section (Smalley, 1986) (Figure 1). The twelve
study sites were distributed among three locations, Water Plant (WP), Pigg House (PH)
and Horse Cove (HC) (Figure 2). The Water Plant and Horse Cove gaps were placed on
an east-facing aspect while Pigg House was placed on a north-facing aspect. All sites
were located on lower slopes (elevation: 300-350 m) of intermediate quality (upland oak
site index at base age 50: 22-24 m; Hackworth et al., 2019) and had well-drained, acid
silt loams of the following series: Rockcastle (Fine, mixed, semi-active, mesic Typic
Dystrudepts), Shelocta (Fine-loamy, mixed, active, mesic Typic Hapludults), Weikert
(Loamy-skeletal, mixed, active, mesic Lithic Dys-trudepts), and Whitley (Fine-silty,
mixed, semi-active, mesic Typic Hapludult) series (Patterson et al., 2021). HC gaps 1-6
were on Rockcastle silt loam, 12-20 percent slopes, while HC 7 and 8 were on Whitley
silt loam, 6-12 percent slopes (Patterson et al., 2021). WP1 and PH1 were located on
Shelocta gravelly silt loam, 12-25 percent slopes; WP2 and PH2 were on Weikert
channery silt loam, 40-80 percent slopes (Patterson et al., 2021). According to Berea
College Forest records, there was no indication of forest management activities or standlevel disturbances on the study sites in the century prior to the establishment of this study.
Pre-treatment data collection was conducted in the Fall of 2012 and consisted of
canopy surveys to determine the dominant species, which included four species of oak
6

and four non-oak species. The oak species were white oak (Quercus alba L.), chestnut
oak (Q. prinus L.), black oak (Q. velutina Lam.) and northern red oak (Patterson et al.,
2021). The non-oak species consisted of hickory (Carya spp.), ash (Fraxinus spp.), sugar
maple (Acer saccharum Marsh.) and yellow-poplar (Patterson et al., 2021). Mean
overstory ages ranged from 95 to 110 years old with an initial basal area ranging from
22.4 to 29.2 m2 ha-1 (Patterson et al., 2021). The most common species within the
dominant and codominant crown classes (i.e., overstory) were white oak and hickories,
comprising 11% to 34% of the stands total basal area (Patterson et al., 2021). A dense
midstory was composed mainly of shade-tolerant species, with the three most common as
red maple, sugar maple and black gum (Nyssa sylvatica Marsh.). The understory
generally consisted of red maple, sugar maple, American beech (Fagus grandifolia Ehrh.)
and black gum (Patterson et al., 2021).
In the Fall/Winter of 2012, following pretreatment data collection, each of the 12
sites received an approximately circular gap harvest with a radius of 30 m (gap area: 0.28
ha), established with a permanent metal post marking the gap center (Patterson et al.,
2021; Figure 2.1). Gap size was selected to ensure the gap diameter (60 m) was
approximately twice the height of the adjacent forest (Patterson et al., 2021). The chosen
gap diameter was derived from research within the region that found the highest relative
density of oaks was achieved in intermediate-sized gaps, approximately 45 m to 70 m
wide (Lhotka, 2013; Lhotka et al., 2018). The perimeter of each gap was defined by the
face of the overstory stems along its edge (i.e., expanding or extending gap defined by
Runkie, 1981) (Patterson et al., 2021). A forest matrix zone was delineated around the
circumference of the gap which extended 30 m from the gap edge into the adjacent forest
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(0.85 ha) (Patterson et al., 2021; Figure 2.1). Width of the forest matrix zone was selected
based upon findings by Lhotka and Stringer (2013), which stated the influence of edge
environments on oak reproduction and growth may extend up to 20 m into stands
adjacent to large regenerative openings. Within the matrix zone, midstory removal was
applied as an experimental treatment to six randomly selected sites; the matrices of the
remaining six sites were observed as untreated controls. Rebar was staked at the gap edge
(30 m) and matrix edge (60 m) of each transect (Figure 2.1).
Originating at the gap center, six sample transects were established at 60о azimuth
intervals beginning from north (i.e., 0о, 60o, 120o, 180o, 240о, 300о; Figure 2.1) and
extended 60 m to the extremity of the matrix zone, along their respective azimuth. Each
experimental unit consisted of a gap (0.28 ha) and surrounding matrix (0.85 ha), along with
an array of six transects (Patterson et al., 2021). All experimental units were separated by
at least 100 m of undisturbed oak-dominated forest (Patterson et al., 2021). Within a 30 m
radius gap at all 12 study sites, trees greater than 1.27 cm in diameter at breast height
(DBH) and/or over 137.16 cm in height (white section of Figure 2.1) were directionally
felled towards the gap edge and away from sample transects. The gaps assigned with the
midstory removal treatment within the matrix were HC 1, 4, 5 and 7, WP 1 and PG 1; the
gaps assigned with an untreated control within the matrix were HC 2, 3, 6 and 8, WP 2 and
PG 2. For matrices assigned with the midstory removal cut, all non-oak stems in
intermediate or overtopped crown classes, but not located within the main canopy, with a
DBH greater than 1.27 cm and/or height over 137.16 in cm (grey section of Figure 2.1)
were directionally felled away from sample transects. All non-oak stems and brush were
removed from the gap and midstory removal cuts through skid trails that did not traverse

8

the sample transects (Patterson et al., 2021). Non-oak stumps in all experimental units
received a herbicide treatment to preclude stump sprouting using a mixture of 50% water
and 50% glyphosate (RodeoTM Dow AgroSciences, Indianapolis, IN) (Patterson et al.,
2021).

Figure 2.1 Design of gap-based experimental units, including belt transects and nested
regeneration plots, at Berea College Forest, Berea, KY, USA. Transects extended 30 m
from the gap center to gap edge and 30 m from gap edge into the adjacent forest matrix
along 0◦, 60◦, 120◦, 180◦, 240◦, and 300◦ azimuths. Nested regeneration plots (0.0004 ha
and 0.0009 ha plots) were located at 10 m intervals along each transect.

9

2.2

Data Collection
2.2.1 Original Natural Reproduction Methodology
To document the initial effects of gap-based silviculture on oak reproduction, and

to investigate the relative spatial response of oak advance reproduction, Patterson et al.
(2021) collected pre-treatment data (2012) and two-years post-treatment data (2014) via
belt transect surveys and regeneration plots. Belt transects were 2 m wide and centered
along the extent of each 60 m transect (Patterson et al., 2021). Species, total height to the
nearest 0.5-cm and distance to gap center to the nearest 1 m for all oak species found
within the 2 m x 60 m belt transects were recorded. Non-oak regeneration inventories
were conducted in 2 m x 2 m plots at 10 m intervals along each transect. Stems by
species and height class (to the near 0.5-cm) were tallied into the following categories:
<10-cm, 10-24 cm, 25-49 cm, 50-100 cm, 101-124 cm, 125-149 cm and ≥150 cm
(Patterson et al., 2021).
2.2.2 Re-Measure Natural Reproduction Methodology
Following methods complementary to Patterson et al. (2021), an eight-year
remeasurement was conducted to document the effects of gap-based silviculture on oak
reproduction and the relative spatial response of advance oak reproduction via belt
transects and regeneration plots. Data collection began in October 2020. Belt transect
surveys of oak seedling height and density were 2 m wide and centered along the extent of
each 60 m transect. Species, total height to the nearest 0.5 cm, and distance to gap center
to the nearest 1 m were recorded for all oak species within each 2 m x 60 m belt transects.
Distance from the center of the gap was taken using a Haglöf T3 Transponder (Haglöf,
Sweden), a device that determines distance by emitting radio signals to a measurement
device. Tree regeneration surveys consisted of two nested plots established every 10 m
10

along each transect, along with one plot at the center of the gap. Nested plots were
composed of a smaller 1.13 m radius (0.0004 ha) plot and a larger 1.7 m radius (0.0009 ha)
plot. Tree regeneration less than 1.5 m in height was counted in the 0.0004 ha plot while
regeneration greater than 1.5 m in height, but not in the main canopy, was counted in the
0.0009 ha plot. Total height to the nearest 0.5 cm and species were recorded.
2.3

Statistical Analysis
2.3.1 Oak Transects
Based upon the results from previous work involving forest edge effects on oak

regeneration in Berea College Forest (Lhotka and Stringer, 2013), and natural
breakpoints within the data observed during preliminary data analysis, transects were
discretized into 12 distance categories. Distance categories were coordinated with the
location-treatment factor; the following location-treatment levels were used: “gap”,
“midstory removal” and “control”. Distance categories within the gap were assigned the
location-treatment of “gap”, while distance categories within the matrix were assigned
the location-treatment of “midstory removal” or “control”, based on the type of matrix
treatment that the experiment unit received. Distance categories were 5 m in length and
assigned in regard to gap edge with D0 encompassing 0-5 m from the gap edge in both
the gap and the matrix (Figure 2.2). The remaining distance categories were D1, D2, D3,
D4 and D5 which encompassed 6-10 m, 11-15 m, 16-20 m, 21-25 m and 26-30 m from
the gap edge, respectively (Figure 2.2).
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Figure 2.2 Design of location-treatment and distance category factor levels employed in
statistical analysis of oak reproduction data from the gap-based experimental units.
Distance categories were assigned 5 m in width with regards to gap edge. D0
encompassed 0-5 m from the gap edge in both the gap and the matrix, with the remaining
distance categories as D1, D2, D3, D4 and D5 which encompassed 6-10 m, 11-15 m, 1620 m, 21-25 m and 26-30 m from the gap edge.
Although transect direction from gap center was consistent, differences in gap
aspect (i.e., northerly to easterly), forest edge orientation, and terrain slope angle were

12

likely enough to alter light environments of identical transect azimuths among
experimental units (Takenaka, 1988; Chen et al., 1993; Patterson et al., 2021). Therefore,
dependent variables were calculated for each experimental unit by pooling data among
the six transect orientations at each site, facilitating a distance-based analysis of mean
treatment response that incorporated the variability in forest edge orientation (Patterson et
al., 2021). To do so, values of each 5 m interval of the belt transects were averaged
within the respective distance category/location-treatment combinations.
To detect the presence of any spatial patterns with respect to location-treatment
levels, the differences in mean natural oak reproduction height (cm) and density (trees per
hectare) in 2012, 2014 and 2020 were evaluated using a linear mixed-effects model
framework. Oak height and density were evaluated separately as response variables in
linear mixed-effects models with distance category, location-treatment, and a locationtreatment x distance two-way interaction as fixed effects. To satisfy model assumptions,
oak height was transformed using the natural logarithm function, and oak density was
transformed using the square root function. Two random effect structures were
considered for each model: site only and location-treatment nested within site (Patterson
et al., 2021). Following methods outlined in Zurr et al. (2009), the two random effects
structures were evaluated to determine the best fitting model through use of a likelihood
ratio test and comparison of model Akaike information criterion (AIC) values.
The best fitting random effects structure was then evaluated with the addition of
five potential spatial correlation structures (exponential, gaussian, linear, ratio and
spherical) using model AIC values. Using the likelihood ratio test, the best spatial
autocorrelation model (as defined as model with lowest AIC value) was tested against the
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non-spatial random effect structure. The best fitting model was deemed the final model
and examined for trends in fixed effects using a Type III analysis of variance (ANOVA).
Finally, Tukey-adjusted pairwise comparisons of estimated marginal means were
employed to analyze differences among levels of significant factors. The same analysis
was used to determine significant changes in oak reproduction height and density across
years, i.e., 2012 to 2014, 2012 to 2020 and 2014 to 2020.
2.3.2 Regeneration Plots
To characterize the response of non-oak species to conditions across the
experimental units, data collected from the nested 0.0004 ha and 0.0009 ha (radius: 1.13
m and 1.7 m) regeneration plots in 2020 were combined. At each regeneration plot
location, mean height (cm) and total density (trees per hectare) were determined using
plot area weighted calculations to account for observations occurring across the two
nested plots sizes. Seedling height and density were analyzed separately as response
variables in linear mixed-effects models through three species groups: “red maple”,
“yellow-poplar” and “other” (all non-oak species excluding red maple and yellowpoplar).
Analysis of the regeneration plots used a different distance category structure than
the oak transects as distance measurements across the oak transects were continuous
while the regeneration plots were spaced at discrete, 10 m intervals (Figure 2.3).
Statistical testing was conducted separately for plots located within the gap (0 m, 10 m,
20 m and 30 m from gap edge) and plots located within the matrix (10, 20 and 30 m from
gap edge). For plots located within the matrix, analysis was conducted based on matrix
treatment with the following levels: “midstory removal” and “control” with distancefrom-edge, location-treatment, and a distance-from-edge x location-treatment two-way
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interaction as fixed effects. Dependent variables were calculated for each experimental
unit by pooling data at each distance location among the six transect orientations for each
site (Patterson et al., 2021). The model fitting approach followed the same methodology
as the oak transects (section 2.3.1), and the statistical significance among species groups
was not tested.

Figure 2.3 Design of location-treatment and distance category factor levels employed in
statistical analysis of the regeneration plot data from the gap-based experimental units.
All plots were assigned a distance in regards to its distance from the gap edge. The plot at
gap edge was assigned a distance of 0 m from gap edge and was included within the
location-treatment “gap”. Within the gap and the matrix, the remaining plots were
assigned a distance of 10 m, 20 m and 30 m from gap edge.
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2.2.3 Height of Upper 25th Percentile
To aid in determining the potential competitive success of oak against other tree
regeneration, the mean height of the upper 25th percentile of oak reproduction and three
competitor species groups were analyzed. The upper 25th percentile was chosen as this is
the portion of stems for a given species group most likely to have competitive success
(i.e., recruit) into the upper canopy. Data used to calculate the height of the upper 25th
percentile were collected from the nested regeneration plots. Height was analyzed as a
response variable in a linear mixed-effects model through four species groups: “oak” (all
oak species), red maple, yellow-poplar and “other” (all non-oak species excluding red
maple and yellow-poplar). For plots located within the gap, fixed effects included
distance, group and a distance x group two-way interaction. For plots located within the
matrix, analysis was conducted based on matrix treatment with the following levels:
“midstory removal” and “control” with fixed effects of subplot, group, matrix treatment,
along with two-way and three-way interactions among the variables. Dependent variables
were calculated for each experimental unit by pooling data at each distance location
among the six transect orientations for each site (Patterson et al., 2021).
To satisfy model assumptions, the upper 25th percentile of species groups heights
were transformed based on necessity using the square root function. Dunnett’s Multiple
Comparison Test was used to determine significant differences in means between oak
(control group) and its competitor species (“other”, red maple and yellow-poplar). For
analysis within the gap, species group was analyzed by distance from gap edge (m), while
species groups within the matrix were analyzed by distance from gap edge (m) and
matrix treatment.
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2.3.4 Proportional Density
To determine the ratio of a given species group in comparison to the total density
of all species, a proportional density analysis was employed. Proportional density was
analyzed as a response variable in a linear mixed-effects model through four species
groups: “oak” (all oak species), red maple, yellow-poplar and “other” (all non-oak
species excluding red maple and yellow-poplar). For plots located within the gap, fixed
effects included distance, species group, and a distance x group two-way interaction. For
plots located within the matrix, analysis was conducted based on matrix treatment with
the following levels: “midstory removal” and “control” with fixed effects of subplot,
group, matrix treatment, along with two-way and three-way interactions among the
variables. Dependent variables were calculated for each experimental unit by pooling
data at each distance location among the six transect orientations for each site (Patterson
et al., 2021). The model fitting approach followed the same methodology as the analysis
for the height of the upper 25th percentile of species (2.3.3).
2.3.5 Program Usage
All statistical analyses were conducted using the R programming language (R
Core Team, 2020). The following packages were used: (1) nlme, to provide functions for
executing the linear mixed effects models (Pinheiro et al., 2019), (2) car, to provide
functions for the analysis of variance (ANOVA) models (Fox and Weisberg, 2010), and
(3) emmeans, to perform post-hoc comparisons. (Lenth, 2020). All statistical analyses
were evaluated at a 0.05 significance level.
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CHAPTER 3. RESULTS
3.1

Oak Transects
Oak species observed within the transect data collected in 2020 included white oak,

scarlet oak (Quercus coccinea Muenchh.), chestnut oak, black oak, northern red oak,
chinkapin oak (Quercus muehlenbergii Engelm.), blackjack oak (Quercus marilandica
Muenchh.) and southern red oak (Quercus falcata Michx.). Of the 7,799 stems recorded
in 2020, white oak was the most prevalent with 4,768 stems (61%). Scarlet oak, chestnut
oak and black oak accounted for 14%, 12% and 9% of observed oak reproduction. The
remaining 3% included chinkapin oak, southern red oak and blackjack oak.
3.1.1 Height
For both matrix treatment types, average oak height within the gap showed a
general declining trend from gap center to the gap edge (Figure 3.1). The zone of change
is located between 30 and 40 m with average height plateauing around 40 m from gap
center. From 40 to 60 m from gap center, average height is retained around or under 50
cm (Figure 3.1).

18

Figure 3.1 The average height (cm) and standard error of oak organized in 1 m intervals
by matrix treatment (i.e., control and midstory removal) collected from the 60 m belt
transects in 2020. Data from all experimental units were pooled by matrix treatment (6
experimental units per matrix treatment type) to create an average height across the
spatial gradient.
Pre-treatment data, collected in 2012, had no statistical significant main effects,
providing evidence that there were no significant differences in initial oak height due to
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distance, location-treatment and location-treatment:distance (χ2 = 9.2, p = 0.103; χ2 =
1.0, p = 0.598; χ2 = 16.7, p = 0.081). The total mean height of oak within the
experimental units in 2012 was 20.9 cm ± 1.04 cm (mean ± SE). Significant factors
affecting the mean height of oak in 2014 were location-treatment and locationtreatment:distance (χ2 = 103.8, p < 0.001; χ2 = 47.6, p < 0.001). Distance, as a main
effect, was not found statistically significant in affecting the height of oak in 2014 (χ2 =
7.2, p = 0.204).
When compared to the control matrix, oak height in 2014 was greater within the
gap at all distance categories (D0-D4), except along the matrix edge (D5) where there
was no statistical difference in height between location-treatments (Table 3.1). When
compared to the midstory removal matrix treatment, oak height was greater within the
gap at all distance categories, except for the gap edge (D0), where there were no
statistical differences in oak height between location-treatments. Between the two matrix
treatments, oak height in the control was only significantly greater than oak height in the
midstory removal along the matrix edge (D5). In 2014, no statistical differences in oak
height were found between distance categories solely within the gap or midstory removal
matrix treatment. In the control matrix, oak height along the matrix edge (D5) was
significantly greater than oak height at distance categories closer to the gap edge (D2-D4;
Table 3.1).
Significant factors affecting the mean height of oak in 2020 were distance,
location-treatment and location-treatment:distance (χ2 = 25.0, p < 0.001; χ2 = 67.3, p <
0.001; χ2 = 44.5, p < 0.001). When compared to both matrix treatments, control and
midstory removal, oak height was greater within the gap for all distance categories,
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except at the gap edge (D0; Table 3.1). No statistical differences in oak height were
found between distance categories solely within the gap. In the control, oak height was
significantly greater at the gap edge (D0) than in distances farthest from the edge (D3D5). Similarly, within the control, oak height was significantly greater 6-10 m away from
the gap edge (D1) than 21-25m away from the gap edge (D4). Within the midstory
removal, oak height was significantly greater at the gap edge (D0) than at most remaining
distance categories (D2-D5). No statistical differences in height were found among
matrix treatments within a distance category (Table 3.1).
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Table 3.1 Total height of oak reproduction in 2012, 2014 and 2020 and height growth
(mean ± SE) presented by distance category and location-treatment from the belt
transects. Significant differences among distance categories within a location treatment
are represented by upper case letters. Significant differences among location-treatments
within a distance category are represented by lowercase letters.
letters.
Distance Category
Height 2012
D0
D1
D2
D3
D4
D5
Height 2014

Location-Treatment
Gap

Control

Midstory Removal

21.5Aa ± 1.4
20.8Aa ± 1.2
20.8Aa ± 1.7
19.7Aa ± 2.0
19.8Aa ± 1.9
19.9Aa ± 2.2

20.0Aa ± 2.1
21.7Aa ± 2.6
21.5Aa ± 4.1
22.5Aa ± 4.5
19.8Aa ± 2.3
24.7Aa ± 2.8

23.2Aa ± 1.5
20.8Aa ± 0.4
18.6Aa ± 0.9
20.5Aa ± 1.9
19.4Aa ± 1.0
21.0Aa ± 1.7

D0
D1
D2
D3
D4
D5
Height 2020
D0
D1

32.0Aa ± 2.7
38.1Aa ± 2.9
39.4Aa ± 2.6
40.1Aa ± 2.6
37.5Aa ± 3.1
35.2Aa ± 3.7

24.6ABb ± 3.5
24.1ABb ± 3.6
21.7Ab ± 3.5
21.1Ab ± 3.3
22.4Ab ± 3.0
33.8Ba ± 6.4

30.3Aab ± 3.1
22.9Ab ± 1.1
19.4Ab ± 1.4
22.7Ab ± 2.7
21.2Ab ± 1.2
21.2Ab ± 1.1

104.6Aa ± 11.1
123.5Aa ± 15.2

79.6Aa ± 17.8
80.5ABb ± 24.1

81.3Aa ± 7.8
58.0ABb ± 11.6

D2

139.1Aa ± 17.6

51.7ABCb ± 11.6

50.6Bb ± 11.2

D3
D4
D5

120.7Aa ± 18.0
135.5Aa ± 15.4
128.9Aa ± 18.7

46.9BCb ± 8.8
40.9Cb ± 11.1
46.0BCb ± 11.7

54.3Bb ± 11.3
48.1Bb ± 7.4
42.3Bb ± 7.3

Significant factors affecting the average height growth of oak from 2012 to 2014
included location-treatment and location-treatment:distance (χ2 = 99.9, p = 0.001; χ2 =
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44.0, p < 0.001), however location-treatment was not statistically significant (χ2 = 4.1, p
= 0.537). From 2012 to 2014, oak height significantly increased within the gap in
comparison to both matrix treatments at all distance categories away from gap edge (D1D5; Table 3.2). Solely within the gap, oak height significant increased from 2012 to 2014
in the middle of the transect (D2-D4) than at the gap edge (D0). Within the control
matrix, oak height growth only differed between the D5 and D2 distance categories.
However, in the midstory removal matrix, oak height growth from 2012 to 2014 was
significantly greater along the gap edge (D0) than at the matrix edge (D5; Table 3.2).
When comparing mean oak height data collected in 2012 and 2014 to 2020, all
distance categories grew in average height (cm) as the experimental units aged (Table
3.2). Significant factors affecting the average height growth of oak from 2012 to 2020
included both main effects, distance and location-treatment (χ2 = 19.5, p = 0.001; χ2 =
80.0, p < 0.001), along with the interaction variable (χ2 = 41.3, p < 0.001). No
statistically significant height changes were found among distances categories within the
gap when comparing 2012 to 2020 (Table 3.2). Several significant height growth
differences were found within the control matrix with oak height growth at the gap edge
(D0) being significantly greater than at distances farthest from the gap edge (D3-D5).
Similarly, oak height growth was significantly increased from 2012 to 2020 within the
control 6-10 m from the gap edge (D1) than at distances farthest from the gap edge (D4
and D5). Comparatively, oak height growth within the midstory removal was
significantly greater from 2012 to 2020 at the gap edge (D0) than at the matrix edge (D5;
Table 3.2). When comparing the gap to both matrix treatments, oak height growth from
2012 to 2020 was significantly greater within the gap at distances away from gap edge
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(D1-D5); however, no statistical differences were found between the matrix treatments
within a distance category (Table 3.2).
Significant factors affecting the average height growth of oak from 2014 to 2020
included both main effects, distance and location-treatment (χ2 = 19.5, p = 0.001; χ2 =
50.9, p < 0.001), along with an interaction variable of location-treatment:distance (χ2 =
34.4, p < 0.001). No statistically significant height changes were found among distances
categories within the gap and midstory removal when comparing 2014 to 2020 (Table
3.2). From 2014 to 2020, oak height growth within the control was significantly greater at
distances along the gap edge (D0 and D1) than as distances further into the surrounding
forest matrix (D4 and D5). When comparing the gap to both matrix treatments, oak
height from 2014 to 2020 was significantly greater within the gap at distances away from
gap edge (D2-D5). However, no statistical differences were found between the matrix
treatments within a distance category (Table 3.2).
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Table 3.2 Total height change of oak reproduction between 2012, 2014 and 2020 and
height growth (mean ± SE) presented by distance category and location-treatment from
the belt transects. Significant differences among distance categories within a location
treatment are represented by upper case letters. Significant differences among locationtreatments within a distance category are represented by lowercase letters.
Distance Category

Location-Treatment
Gap

Control

Midstory Removal

D0
D1
D2
D3
D4
D5
Height Change
2012-2020

10.5Aa ± 2.0
17.4ABa ± 5.5
18.6Ba ± 2.1
20.4Ba ± 1.6
17.7Ba ± 1.8
15.3ABa ± 2.2

4.7ABa ± 2.1
2.9ABb ± 1.3
1.1Ab ± 1.0
1.0ABb ± 0.6
2.9ABb ± 1.0
10.0Bb ± 6.7

7.7Aa ± 2.2
2.2ABb ± 1.0
1.2ABb ± 0.7
2.6ABb ± 1.4
2.4ABb ± 1.2
0.7Bb ± 0.4

D0
D1
D2
D3
D4
D5
Height Change
2014-2020
D0
D1
D2

82.6Aa ± 10.2
102.1Aa ± 14.2
117.9Aa ± 16.1
100.0Aa ± 17.6
114.5Aa ± 13.5
107.7Aa ± 17.2

58.9Aa ± 15.4
57.7ABb ± 21.4
28.8ABCb ± 7.5
23.5BCb ± 4.7
20.2Cb ± 8.8
20.6Cb ± 8.1

57.7Aa ± 9.4
37.4ABb ± 11.5
31.6ABb ± 10. 5
33.4ABb ± 9.7
28.5ABb ± 7.5
21.4Bb ± 6.4

72.5Aa ± 9.5
85.0Aa ± 13.4
99.2Aa ± 16.1

53.5Aa ± 15.3
54.6Aab ± 20.7
28.4ABb ± 8.2

51.8Aa ± 10.2
35.4Ab ± 11.6
30.7Ab ± 9.8

D3
D4
D5

79.0Aa ± 16.4
96.5Aa ± 13.2
91.7Aa ± 15.9

24.5ABb ± 6.1
18.0Bb ± 7.7
18.2Bb ± 9.4

30.6Ab ± 9.7
26.1Ab ± 7.6
21.3Ab ± 6.6

Height Change
2012-2014
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3.1.2 Per-Hectare Density
From the data collected along the oak transects in 2020, no clear trend is
distinguishable for the mean per-hectare density of oak across the spatial gradient, from
gap center to gap edge and gap edge to matrix edge, in either matrix treatment type
(Figure 3.2).
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Figure 3.2 Average per-hectare density and standard error of oak organized in 1 m
intervals by matrix treatment collected from the 60 m belt transects in 2020. Data from all
experimental units were pooled by matrix treatment (6 experimental units per matrix
treatment type) to create an average density across the spatial gradient.
From the data collected in 2012, the main effects were not statistically significant
(χ2 = 3.2, p = 0.675; χ2 = 0.5, p = 0.769), however the interaction variable, locationtreatment:distance, was statistically significant (χ2 = 27.5, p = 0.002). Similarly, the main
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effects from the data collected in 2014 were not statistically significant (χ2 = 3.7, p =
0.592; χ2 = 1.0, p = 0.595), however the interaction variable was statistically significant
(χ2 = 22.4, p = 0.013). Both 2012 and 2014 showed no statistical differences among
distance categories within the gap and control matrix, nor were there statistical
differences among location-treatments within a distance category (Table 3.3). However,
both 2012 and 2014 found oak density within the midstory removal matrix to be greatest
along the matrix edge (D5) in comparison to the adjacent distance category (D4).
From the oak density data in 2020, the main effects were statistically significant
(χ2 = 12.1, p = 0.033; χ2 = 8.7, p =0.013), however the interaction variable was not
statistically significant (χ2 = 7.5, p = 0.672) Within the gap, oak density was greater at
the gap edge (D0) than at the distance category including the gap center (D5; Table 3.3).
When comparing the gap to the midstory removal, oak density was significantly lower at
gap center (D5) than at the furthest distance from the gap edge in the matrix (D5). No
statistical differences in oak density were found among distance categories within the
matrix treatments nor were there any differences between the matrix treatments within a
distance category (Table 3.3).
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Table 3.3 Total per-hectare density (mean ± SE) of oak reproduction in 2012, 2014 and 2020 presented by distance category and
location-treatment from the belt transects. Significant differences among distance categories within a location treatment are
represented by upper case letters. Significant differences among location-treatments within a distance category are represented by
lowercase letters. In 2012 and 2014, no significant differences were found among location-treatments within a distance category.
Distance Category

Location-Treatment
Gap

Control

Midstory Removal

22,282.8Aa ± 4,282.1
22,777.8Aa ± 4,123.7
22,319.4Aa ± 4,539.7

16,851.8Aa ± 5,327.2
21,861.1Aa ± 10,479.8
27,500.0Aa ± 14,301.6

25,034.7ABa ± 5,759.7
19,416.7ABa ± 4,483.0
21,138.9ABa ± 4,983.4

D3
D4
D5
Density 2014

24,222.2Aa ± 5,401.7
25,291.7Aa ± 5,131.0
19,875.0Aa ± 5,017.9

23,138.9Aa ± 9,162.5
18,888.9Aa ± 5,474.8
20,000.0Aa ± 7,206.2

19,152.8ABa ± 3,625.0
17,944.4Aa ± 3,302.8
32,791.7Ba ± 12,733.7

D0
D1

13,993.7Aa ± 2,278.5
13,625.0Aa ± 2,764.2

10,787.0 Aa± 2,809.2
15,194.4Aa ± 6,197.0

17,083.3ABa ± 3,638.1
13,208.3ABa ± 3,800.3

D2
D3
D4
D5

13,250.0Aa ± 2,567.7
14,527.8Aa ± 3,294.0
14,527.8Aa ± 3,512.0
12,750.0Aa ± 3,469.3

19,777.8Aa ± 10,276.0
18,388.9Aa ± 7,596.7
14,638.9Aa ± 4,862.6
14,277.8Aa ± 5,690.7

14,263.9ABa ± 4,041.0
12,597.2ABa ± 2,986.3
12,111.1Aa ± 2,386.2
22,902.8Ba ± 8,156.1

Density 2012
D0
D1
D2
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Table 3.3 (continued) Total per-hectare density (mean ± SE) of oak reproduction in 2012, 2014 and 2020 presented by distance
category and location-treatment from the belt transects. Significant differences among distance categories within a location treatment
are represented by upper case letters. Significant differences among location-treatments within a distance category are represented by
lowercase letters. In 2012 and 2014, no significant differences were found among location-treatments within a distance category.
Distance Category
Density 2020
D0
D1
D2
D3
D4
D5

Location-Treatment
Gap

Control

6,965.5Aa ± 1,270.4
6,083.3ABa ± 1,191.4
5,180.6ABa ± 960.4
5,305.6ABa ± 1,240.4
4,513.9ABa ± 1,093.8
3,819.4Ba ± 995.7

6,620.4Aa ± 1,933.1
5,666.7Aa ± 1,761.2
5,611.1Aa ± 1,738.8
6,138.9Aa ± 2,205.0
5,138.9Aa ± 2,125.4
4,888.9Aab ± 2,025.6

30

Midstory Removal
9,722.2Aa ± 2,347.7
8,708.3Aa ± 2,655.5
8,875.0Aa ± 2,965.8
7,750.0Aa ± 2,168.7
7,527.8Aa ± 1,646.2
8,819.4Ab ± 2,217

Factors that could affect oak density (distance, location-treatment, locationtreatment:distance) from 2012 to 2014 were not statistically significant (χ2 = 1.2, p =
0.947; χ2 = 3.4, p = 0.180; χ2 = 14.9, p = 0.135). Similarly, factors that could affect oak
density (distance, location-treatment, location-treatment:distance) from 2014 to 2020
were not statistically significant (χ2 = 7.7, p = 0.176; χ2 = 2.5, p = 0.281; χ2 = 16.6, p =
0.083). Average density change (mean ± SE) from 2012 to 2014 was –7,365.7 ± 1,109.7
stems per hectare while the average density change from 2014 to 2020 was –8,365.0 ±
2,688.0 stems per hectare.
When comparing 2012 to 2020, neither main effect, distance and locationtreatment, were found to be statistically significant (χ2 = 5.3, p = 0.375; χ2 = 2.6, p =
0.274), however the interaction variable was found significant (χ2 = 20.4, p = 0.026).
From 2012 to 2020, oak density change had no significant differences among locationtreatments within a distance category, nor were there significant differences among
distance categories within the gap and the control matrix. Within the midstory removal
matrix treatment, oak density from 2012 to 2020 decreased significantly more along the
outer margin of the matrix (D5) than in the adjacent distance category (D4; Table 3.4).
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Table 3.4 Total per-hectare density change (mean ± SE) of oak reproduction between 2012, 2014 and 2020 presented by distance
category and location-treatment from the belt transects. Significant differences among distance categories within a location treatment
are represented by upper case letters. Significant differences among location-treatments within a distance category are represented by
lowercase letters.
Distance Category
Density Change
2012-2014
D0
D1
D2
D3
D4
D5
Density Change
2012-2020
D0
D1
D2
D3
D4
D5

Location-Treatment
Gap

Control

Midstory Removal

-8,289.1Aa ± 2,092.3

-6064.8Aa ± 3,029.1

-7,951.4Aa ± 2,467.9

-9,152.8Aa ± 1,605.6
-9,069.4Aa ± 2,259.5
-9,694.4Aa ± 2,471.7
-10,763.9Aa ± 2,307.1
-7,125.0Aa ± 2,106.4

-6,666.7Aa ± 4,454.3
-7,722.2Aa ± 4,053.7
-4,750.0Aa ± 1,897.2
-4,250.0Aa ± 895.2
-5,722.2Aa ± ,1765.2

-6,208.3Aa ± 1,717.0
-6,875.0Aa ± 1,410.2
-6,555.6Aa ± 1,540.6
-5,833.3Aa ± 1,071.5
-9,888.9Aa ± 4,838.6

-15,317.3Aa ± 4,772.3
-16,694.4Aa ± 4,551.2
-17,138.9Aa ± 4,910.9
-18,916.7Aa ± 5,550.6
-20,777.8Aa ± 5,164.3
-16,055.6Aa ± 5,316.5

-10,231.5Aa ± 6,317.9
-16,194.4Aa ± 11,518.9
-21,888.9Aa ± 15,271.2
-17,000.0Aa ± 10,077.0
-13,750.0Aa ± 6,117.8
-15,111.1Aa ± 7,572.9

-15,312.5Aa ± 6,905.7
-10,708.3Aa ± 4,347.2
-12,263.9Aa ± 3,478.8
-11,402.8Aa ± 3,225.5
-10,416.7Aa ± 3,514.5
-23,972.2Ba ± 14,410.1
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Table 3.4 (continued) Total per-hectare density change (mean ± SE) of oak reproduction between 2012, 2014 and 2020 presented by
distance category and location-treatment from the belt transects. Significant differences among distance categories within a location
treatment are represented by upper case letters. Significant differences among location-treatments within a distance category are
represented by lowercase letters.
Distance Category

Location-Treatment
Gap

Control

Midstory Removal

Density Change
2014-2020
D0
D1

-7,028.2Aa ± 2,810.3
-7,541.7Aa ± 3,340.5

-4,166.7Aa ± 3,504.0
-9,527.8Aa ± 7,227.2

-7,361.1Aa ± 4,564.4
-4,500.0Aa ± 2,858.4

D2

-8,069.4Aa ± 2,975

-14,166.7Aa ± 11,268.8

-5,388.9Aa ± 2,497.7

D3
D4
D5

-9,222.2Aa ± 3,520.2
-10,013.9Aa ± 3,791.9
-8,930.6Aa ± 3,794.2

-12,250.0Aa ± 8,383.6
-9,500.0Aa ± 5,641.3
-9,388.9Aa ± 6,287.8

-4,847.2Aa ± 2,300.4
-4,583.3Aa ± 2,579.7
-14,083.3Aa ± 9,726.0
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3.2

Regeneration Plots
3.2.1 Height
In the gap, distance from gap edge had a significant effect of total height for all

three species groups, “other” (χ2 = 12.6, p = 0.006), red maple (χ2 = 10.0, p = 0.019) and
yellow-poplar (χ2 = 85.1, p < 0.001). Height at gap edge (0 m) was significantly lower
than at all other distances from gap edge (10, 20 and 30 m) for both the “other” and
yellow-poplar species groups while red maple height was significantly greater 20 m from
gap edge than at the gap center (30 m; Table 3.5).
Table 3.5 Total height (cm; mean ± SE) of competitor species reproduction within the gap
by distance from gap edge (m) and species group from the 2020 nested regeneration
plots. Significant differences among distance categories within a species group are
represented by uppercase letters. Statistical analysis among species groups within a
distance category was not conducted.
Distance

Species Group
Other

Red Maple

Yellow-Poplar

0

116.7A ± 12.7

64.0AB ± 7.9

273.8A ± 41.7

10

179.0B ± 9.9

72.1AB ± 11.1

565.8B ± 33.6

20

170.4AB ± 16.9

79.6A ± 10.6

673.7B ± 31.4

30

163.7AB ± 32.6

58.3B ± 17.0

603.5B ± 49.8

Within the matrix for red maple and yellow-poplar, the main effects, distancefrom-edge (χ2 = 0.24, p = 0.888; χ2 = 4.8, p = 0.092) and location-treatment (χ2 = 0.03, p
= 0.864; χ2 = 0.2, p = 0.654), nor the interaction variable distance-from-edge:locationtreatment (χ2 = 2.2, p = 0.333; χ2 = 1.8, p = 0.395) had a statistically significant effect on
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total height. The overall mean height for red maple in the matrix was 41.4 ± 35.3 cm
while the mean height of yellow-poplar was 123.0 ± 131.9 cm, respectively.
Height of the “other” species group in the matrix was influence by both main
effects (χ2 = 8.2, p = 0.16; χ2 = 8.9, p = 0.003), however the interaction variable was not
statistically significant (χ2 = 0.6, p = 0.743). Within the midstory removal matrix
treatment, the average height of the “other” species group was significantly greater 10 m
from the gap edge than at the outer margin of the matrix (30 m from gap edge; Table 3.6).
Comparatively, average height for the “other” species group was significantly greater at
10 m and 20 m from gap edge in the midstory removal treatment when compared to the
control matrix. No significant differences in “other” height between distances from gap
edge were present for the control matrix (Table 3.6).
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Table 3.5 Total height (cm; mean ± SE) of competitor species reproduction within the
matrix by distance from gap edge (m) and location-treatment from the 2020 nested
regeneration plots. Significant differences among distance categories within a locationtreatment are represented by uppercase letters. Significant differences among locationtreatments within a distance category are represented by lowercase letters. No significant
differences were found among distance categories within a location treatment or among
location-treatments within a distance category for the red maple and yellow-poplar
species groups. Statistical analysis among species groups within a distance category or
location-treatment was not conducted.
Distance

Location-Treatment
Control

Midstory Removal

10

55.2Aa ± 6.4

86.5Ab ± 8.4

20

51.3Aa ± 6.4

75.2ABb ± 8.9

30

45.9Aa ± 6.0

63.3Ba ± 6.4

10

29.2Aa ± 5.3

46.8Aa ± 15.0

20

35.3Aa ± 8.5

37.1Aa ± 7.0

30

52.9Aa ± 17.8

47.1Aa ± 26.2

10

181.2Aa ± 64.3

125.3Aa ± 32.4

20

92.9Aa ± 61.1

215.8Aa ± 111.4

30

65.9Aa ± 48.5

87.4Aa ± 28.1

Other

Red Maple

Yellow-Poplar

3.2.2

Per Hectare-Density

Within the gaps in 2020, per-hectare density of “other”, red maple and yellowpoplar species groups were significantly affected the distance-from-edge factor (χ2 =
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39.3, p < 0.001; χ2 = 24.7, p < 0.001; χ2 = 24.7, p < 0.001, respectively). The “other”
species had a greater density at the gap edge (0 m) than at all remaining distances (10, 20
and 30 m from gap edge), while red maple had a significantly greater density at the gap
edge than at two distances closest to gap center (20 and 30 m from gap edge; Table 3.7).
Yellow-poplar density was significantly less at the gap edge (0 m) than at all remaining
distances toward gap center (Table 3.7).
Table 3.6 Total per-hectare density (mean ± SE) of competitor species reproduction
within the gap by distance from gap edge (m) and species group from the 2020 nested
regeneration plots. Significant differences among distance categories within a species
group are represented by uppercase letters. Statistical analysis among species groups
within a distance category was not conducted.
Distance

Species Group
Other

Red Maple

Yellow-Poplar

0

29,422.5A ± 2,692.8

29,074.8A ± 4,791.9

5,103.8A ± 1,194.7

10

16,595.2B ± 2,531.6

21,201.8AB ± 4,860.2

8,185.0B ± 1,746.2

20

16,248.9B ± 2,006.2

18,965.0B ± 4,325.5

8,117.3B ± 1,769.8

30

13,541.2B ± 2,332.7

16,739.5B ± 4,334.1

11,154.3B ± 2,706.5

In the matrix, the main effects, distance (χ2 = 0.7 p = 0.718; χ2 = 0.6, p = 0.745; χ2
= 0.2, p = 0.886) and location-treatment (χ2 = 2.3, p = 0.132; χ2 = 2.7, p = 0.097; χ2 = 0.1,
p = 711), and the interaction variable, distance-from-edge:location-treatment (χ2 = 3.9, p
= 0.139; χ2 = 2.1, p = 0.345; χ2 = 0.1, p = 0.930; Table 3.9), had no significant effect on
the density of “other”, red maple and yellow-poplar species groups. Within the matrix,
the following was quantified (mean ± SE) across all experimental units for the three nonoak regeneration plot analysis groups: "other” had a mean density of 28,702.6 ± 10,653.6
37

trees per hectare; red maple had a mean density of 31,075.7 ± 18,071.3 trees per hectare;
and yellow-poplar had a mean density of 3,155.7 ± 4,665.8 trees per hectare.
Table 3.7 Total per-hectare density (mean ± SE) of competitor species reproduction
within the matrix by distance from gap edge (m) and location-treatment from the 2020
nested competition plots. Significant differences among location-treatments within a
distance category are represented by lowercase letters. No significant differences were
found among distance categories within a location treatment for the “other”, red maple
and yellow-poplar species groups. No significant differences were found among locationtreatments within a distance category for the red maple and yellow-poplar species groups.
Statistical analysis among species groups within a distance category or location-treatment
was not conducted.
Distance

Location-Treatment
Control

Midstory Removal

10

35,371.3a ± 3,283.3

21,755.7a ± 1,158.1

20

26,562.7a ± 3,452.1

27,288.9a ± 3,482.4

30

33,441.9a ± 6,863.7

27,795.4a ± 4,961.9

10

26,553.1a ± 4,677.8

39,552.7a ± 8,116.2

20

24,923.5a ± 2,985.5

36,576.0a ± 8,740.4

30

18,725.5a ± 4,254.9

40,123.6a ± 10,529.5

10

3,273.8a ± 1,545.7

6,013.7a ± 3,192.2

20

2,220.6a ± 866.7

3,794.7a ± 2,192.0

30

1,013.9a ± 363.0

2,617.6a ± 2,064.6

Other

Red Maple

Yellow-Poplar
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3.3

Height of the Upper 25th Percentile
Significant factors affecting the upper quartile height of oak and its competitor

species within the gap were distance-from-edge, species group and an interaction variable
of distance-from-edge:species group (χ2 = 88.1, p < 0.001; χ2 = 580.3, p < 0.001; χ2 =
84.6, p < 0.001). When comparing oak to its competitor species, yellow-poplar had a
significantly greater height than oak at all distances categories (0, 10, 20 and 30 m; Table
3.9). The “other” species group had a significantly greater height than oak starting 10 m
away from the gap edge and into gap center (20 and 30 m). The upper quartile height of
oak and red maple did not differ among any distance categories within the gap (Table
3.9).
Table 3.8 Height of the upper 25th percentile of oak and competitor species reproduction
within the gap by distance from gap edge (m) and species group from the 2020 nested
regeneration plots. Significant differences between oak and its competitor species within
a distance category are represented by lowercase letters. Dunnett’s Multiple Comparison
Test was used to compare the non-oak species groups to a control group, oak. Statistical
analysis among distance categories within a species group was not conducted.
Distance

Species
Oak

Other

Red Maple

Yellow-Poplar

0

133.9a ± 13.4

282.3b ± 18.3

172.9a ± 16.3

425.6b ± 39.5

10

214.2a ± 17.5

399.2b ± 19.5

174.1a ± 19.7

812.9b ± 29.5

20

226.7a ± 20.1

351.1b ± 18.8

174.6a ± 19.6

873.3b ± 24.3

30

259.8a ± 57.6

360.3a ± 50.9

143.1a ± 40.2

833.5b ± 67.0

Significant factors affecting the upper quartile height of oak and its competitor
species within the matrix were distance-from-edge, group, matrix-treatment and two
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interaction variables, distance-from-edge:group and group:matrix-treatment (χ2 = 7.4, p =
0.025; χ2 = 204.1, p < 0.001; χ2 = 4.3, p = 0.038; χ2 = 17.7, p = 0.007; χ2 = 10.0, p =
0.019). Factors that were not statistically significant included two interaction variables,
distance-from-edge:matrix-treatment and distance-from-edge:group:matrix-treatment (χ2
= 2.1, p = 0.350; χ2 = 11.9, p = 0.064). For both matrix treatments (i.e., midstory removal
and control), the “other” species group had a significantly greater height, when compared
to oak, at all distances from gap edge to matrix edge (10, 20 and 30 m; Table 3.10).
Within the untreated matrix, yellow-poplar only had a significantly greater height over
oak at the gap edge (10 m), while in the midstory removal matrix, yellow-poplar had a
significantly greater height, when compared to oak, closest to the gap edge and in middle
of the matrix (10 and 20 m). When compared to oak, red maple had a significantly greater
height over oak at the outer margin of the matrix (30 m from gap edge) in the control
location-treatment, but there were no statistically significant differences between oak and
red maple height in the midstory removal matrix treatment (Table 3.10).
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Table 3.9 Height of the upper 25th percentile of oak and competitor species reproduction
within the matrix by distance from gap edge (m) and species group from the 2020 nested
regeneration plots. Significant differences between oak and its competitor species within
a distance category are represented by lowercase letters. Dunnett’s Multiple Comparison
Test was used to compare the non-oak species groups to a control group, oak. Statistical
analysis among distance categories within a species group or among location-treatments
within a distance category was not conducted.
Distance

Species
Oak

Other

Red Maple

Yellow-Poplar

10

79.8a ± 15.0

173.4b ± 16.8

75.7a ± 13.5

207.2b ± 60.0

20

51.1a ± 9.3

209.3b ± 19.8

87.9a ± 19.1

201.6a ± 83.7

30

38.7a ± 8.1

145.8b ± 17.3

98.0b ± 19.9

44.9a ± 24.6

10

79.3a ± 11.1

199.3b ± 18.3

100.6a ± 13.9

241.6b ± 40.6

20

75.4a ± 9.8

189.5b ± 15.4

89.6a ± 12.7

231.3b ± 49.9

30

62.4a ± 10.6

181.1b ± 14.5

86.3a ± 34.7

149.7a ± 40.5

Control

Midstory
Removal

3.4

Proportional Density
Significant factors affecting the proportional density of oak and its competitor

species within the gap were species group and the interaction variable distance-fromedge:group (χ2 = 82.0, p < 0.001; χ2 = 39.2, p < 0.001), however, distance-from-edge was
not statistically significant (χ2 = 1.5, p = 0.681). Both the “other” and red maple species
groups had a significantly greater proportional density than oak from gap edge to 20 m
into the gap (Table 3.11). At gap edge, oak had a significantly greater proportion density
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than yellow-poplar. In the gap center, oak’s proportional density was similar to all
competitor species groups (Table 3.11).
Table 3.10 Proportional density of oak and competitor species reproduction within the
gap by distance from gap edge (m) and species group from the 2020 nested regeneration
plots. Significant differences between oak and its competitor species within a distance
category are represented by lowercase letters. Dunnett’s Multiple Comparison Test was
used to compare the non-oak species groups to a control group, oak. Statistical analysis
among distance categories within a species group was not conducted.
Distance

Species
Oak

Other

Red Maple

Yellow-Poplar

0

0.22a ± 0.02

0.38b ± 0.03

0.32b ± 0.02

0.08b ± 0.01

10

0.18a ± 0.02

0.30b ± 0.02

0.35b ± 0.02

0.17a ± 0.02

20

0.19a ± 0.02

0.33b ± 0.03

0.30b ± 0.03

0.17a ± 0.02

30

0.18a ± 0.03

0.29a ± 0.05

0.28a ± 0.05

0.24a ± 0.05

Significant factors affecting the proportional density of oak and its competitor
species within the matrix were species group and two interaction variables, distancefrom-edge:group and group:matrix-treatment (χ2 = 386.0, p < 0.001; χ2 = 15.0, p = 0.020;
χ2 = 32.5, p < 0.001). Factors that were not found statistically significant included
distance-from-edge, matrix-treatment, distance-from-edge:matrix-treatment and distancefrom-edge:group:matrix-treatment (χ2 = 1.5, p = 0.465; χ2 = 1.6, p = 0.205; χ2 = 0.2, p =
0.908; χ2 = 3.5, p = 0.750) For both the control and midstory removal matrix treatments,
oak had a significantly greater proportional density than yellow-poplar at all distances
(10, 20 and 30 m from gap edge; Table 3.12). Within the control matrix, the “other”
species category had a significantly greater proportional density than oak at all distances
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(10, 20 and 30 m from gap edge). Red maple and oak only had one statistically
significant interaction within the control, red maple had a greater proportional density
than oak at 20 m from the gap edge. In the midstory removal matrix treatment, red maple
had a significantly greater proportional density than to oak at both the 10 and 30 m
distances from gap edge, while the proportional density of the “other” species category
was only greater than oak at the outer margin of the matrix (30 m from gap edge; Table
3.12).
Table 3.11 Proportional density of oak and competitor species reproduction within the
matrix by distance from gap edge (m) and species group from the 2020 nested
regeneration plots. Significant differences between oak and its competitor species within
a distance category are represented by lowercase letters. Dunnett’s Multiple Comparison
Test was used to compare the non-oak species groups to a control group, oak. Statistical
analysis among distance categories within a species group or among location-treatments
within a distance category was not conducted.
Distance

Species
Oak

Other

Red Maple

Yellow-Poplar

10

0.20a ± 0.03

0.47b ± 0.03

0.30a ± 0.03

0.04b ± 0.01

20

0.21a ± 0.03

0.42b ± 0.04

0.33b ± 0.04

0.04b ± 0.02

30

0.17a ± 0.03

0.53b ± 0.05

0.28a ± 0.04

0.01b ± 0.00

10

0.25a ± 0.03

0.29a ± 0.03

0.39b ± 0.04

0.07b ± 0.02

20

0.25a ± 0.03

0.34a ± 0.03

0.36a ± 0.04

0.04b ± 0.01

30

0.20a ± 0.03

0.40b ± 0.05

0.36b ± 0.04

0.04b ± 0.01

Control

Midstory
Removal
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CHAPTER 4. DISCUSSION
In 2020, oaks occupying the gap were significantly taller, and showed greater eightyear height growth, than oak stems growing in the adjacent forest matrix. Similarly, when
comparing oak height from pre-treatment data (2012) and two-years post-treatment (2014)
to the data collected eight-years post-treatment (2020), oak height significantly increased
within the gap in comparison to stems growing within the matrix. Regarding the gap edge,
Patterson et al. (2021) suggested that the gap edge environment could be a competitive
zone for oak as light conditions fostered taller oak reproduction and reduced rates of
overtopping by competitor species two years post-harvest. Within both matrix treatments
in 2020, oak height was significantly greater along the gap edge, where initial posttreatment light transmittance ranged from 35% to 45% full sunlight (Figure A1.1) in
comparison to distances farther into the surrounding forest. Thus, the implementation of
gap-based silviculture did provide positive effects on oak height both in the gap and at the
edge in the surrounding forest matrix on intermediate-productivity sites within the
Northern Cumberland Plateau.
By assessing both oak height and density data, one can estimate the most competitive
zone within the gap-edge-matrix gradient for development of advance oak reproduction.
Within the gap, oak density was significantly greater along the gap edge than at distances
closer to the gap center. Similarly, oaks proportional density was greater than yellowpoplar along the gap edge within the gap and at all distance categories within both matrix
treatments. Based upon the results, oaks located within the gap would likely be most
competitive along the gap edge, 0 to 4 m from gap edge, where oak height and density are
statistically greater and proportional density exceeds yellow-poplar. The most competitive
44

zone for oak stems located within the matrix would be 10 m from gap edge, in either matrix
treatment, as average oak height is statistically greater along the gap edge than at distances
further into the adjacent forest and exceeds the proportional density of the shade-intolerant
yellow-poplar. Related relative spatial patterns in height, density, and ten-year radial
growth of oak reproduction were found by Lhotka and Stringer (2013) when examining
sites containing relatively small clearcuts (3.2 and 6.5 ha). Although, other pre-existing
research found the establishment and competitiveness of oak reproduction in 0.4 ha gaps
were greater within forest matrices rather than within the gap (Greenler and Saunders,
2019).
Oak height growth eight-years post-harvest can be explained in part by the gap
partitioning hypothesis that states as microclimatic parameters important to plant growth
(i.e., light) increase with an increase in gap size or in locales within the gap known for
greater light availability (i.e., centers or northern portions) the dominance of shade
intolerant species will become greater (Ricklefs, 1977; Denslow, 1980). Additionally, data
collected one year post harvest (2013) by Patterson et al. (2021) can aid in the
understanding of oaks spatial patterning. The greatest percentage of full sunlight within
the experimental units occurred at the center of the gap, 0 m, with an approximate average
of 90% full sunlight (Patterson et al., 2021; Figure A1.1). Within the first 20 m extending
from the gap center, light transmittance decreased to 60% full sunlight with the largest
variation of light availability within approximately 10 m on either side of the gap edge.
Within the gap at 10 m from gap edge, mean light transmittance ranged from 60% to 70%
full sunlight while the mean transmittance ranged from 15% to 20% full sunlight 10 m into
the adjacent forest matrix. The remaining forest matrix, beyond 10 to 12 m from the gap
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edge, received less than 10% full sun with no statistical differences in light levels between
intact forest matrices and those treated with a midstory removal (Patterson et al., 2021;
Figure A1.1).
While the results of this study, along with the results of Patterson et al. (2021),
insinuate that the increase of light transmittance created by the gaps promoted oak
regeneration and increased height growth within the gap and at gap edge, the presence of
numerous competitors disadvantaged oak across the entire spatial gradient. When
comparing the mean heights of the upper 25th percentile of tallest seedlings and the
proportional density of tree reproduction by species, oak was overtopped and outnumbered
by one or more species groups at all distance categories across the spatial gradient (Figures
4.1 and 4.2). Considering oak reproduction accumulates (and competes) best on xeric sites
(Johnson et al., 2009), the competitive disadvantage we observed could also be associated
with the site quality occurring across the study plots on Berea College Forest. Site index
for each of the three locations (Water Plant, Pig House and Horse Cove) was estimated by
using the average height of the upper 25th percent of yellow-poplar by location eight-years
post-harvest. Yellow-poplar site index values for the three sites were 145 ft for Water
Plant, 132 ft for Pig House and 144 ft for Horse Cove, suggesting the study plots possessed
a very high growth potential. However, it should be noted that site index values taken
from such young forests can produce biased (commonly higher) estimates.
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Figure 4.1 Mean height (cm) of the tallest 25% of seedlings by species group and
distance from gap edge (m). Data from all experimental units were pooled by matrix
treatment (6 experimental units per matrix treatment type) to create an average density
across the spatial gradient.
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Figure 4.2 Proportional density of seedlings by species group and distance from gap
edge (m). Data from all experimental units were pooled by matrix treatment (6
experimental units per matrix treatment type) to create an average density across the
spatial gradient.
Yellow-poplar overtopped oak within the gap and along the gap edge within the
matrix. Despite yellow-poplar's shade-intolerance classification, the species is capable of
persisting in lower-light environments by increasing its leaf area ratio (Loach, 1970).
Lhotka and Lowenstein (2013) concluded that the survival and growth of yellow-poplar is
positively correlated with midstory treatment intensity, possibly explaining why yellowpoplar was able to significantly overtop oak 20 m into the adjacent forest within the
midstory removal matrix and only 10 m into the adjacent forest in the control matrix. The
“other” species group overtopped oak at all distances except gap center and outnumbered
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oak (based upon proportional density) at most distances from gap edge within the gap and
the matrix. Although the majority of red maple seedlings had an indistinguishable
difference from oak, red maple always had an advantage when significant differences
between the two species were observed. Based upon the upper 25th percentile of stems,
red maple overtopped oak at the outer margin of the matrix within the control treatment
and was found to have higher proportional density than oak within the gap at 0, 10 and 20
m from gap edge. Within the matrix, a few significant proportional density differences
occurred between red maple and oak. The ability of red maple to outnumber oak is likely
due to red maples dominant density prior to and immediately following gap creation
(Patterson et al., 2021). However, previous research has shown that height growth of oak
is comparable to red maple when seedlings are in similar competitive positions and
understory conditions (Hackworth et al., 2019), providing reason to similarities observed
between oak and red maple heights eight-years post-harvest.
When comparing location-treatments eight-years post-harvest, little evidence was
found to support that the midstory removal matrix treatment had a positive effect on the
height or density of oak reproduction in comparison to the control matrix. Considering
midstory removal has been well considered for oak dominated forests in eastern North
America (Loftis, 1990; Lockhart et al., 2000; Lhotka and Loewenstein, 2009), and there is
an abundance of previous research which studied the relationship of oak and midstory
removal silviculture (Hodges and Janzen, 1987; Loftis, 1990; Johnson et al., 2002), a
pronounced difference in oak height and density was expected when comparing the treated
matrices to the untreated matrices. Lhotka and Lowenstein (2013) evaluated the effects of
four midstory removal treatments 7 years post-treatment and articulated that a complete
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midstory removal effectively increased survival, total height and basal area for oak.
Comparatively, Hackworth et al. (2019), which monitoring the effects of midstory removal
on oak 9-years post-treatment, concluded that when compared to a control, a midstory
removal treatment produced taller white oak production. However, Hackworth et al.
(2019) also concluded that the positive effects on oak were undermined by competitor
species (i.e., red maple and yellow-poplar) which overtopped oak advance regeneration,
similar to the results of this document.
Analogous to oak, little evidence was found to support the midstory removal matrix
treatment had a positive effect on the average height and density of red maple and yellowpoplar reproduction in comparison to the control matrices eight-years post-harvest.
However, the “other” species group had significantly greater heights within the midstory
removal matrix than the control. In contrast, density of the “other” species group was
greater within the control matrix than in the midstory removal. It can be assumed that these
significant differences are due to high variability within the “other” species group as it is
composed of a mixture of species with varying shade tolerances and life traits. When
combining a variety of species into one group, “other” was a significant competitor to oak,
however individually not all species within this group may be significantly influential on
the success and competitiveness of oak.
To improve oak regeneration success within gap-based irregular shelterwood
practices, direct silviculture intervention early in stand development appears warranted.
To promote oak dominance prior to canopy closure, which occurs between 10 and 15 years
after an even-aged treatment (Brose et al., 2008), Brose (2010) suggests the
implementation of prescribed burning following a shelterwood treatment. By comparing a
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variety of burning schedules (i.e., spring, summer and winter burn, and a control) along
with fire intensity in a hardwood stand, it was concluded that medium-to-high intensity
burns conducted in the spring would benefit oak, and hickory, reproduction for at least a
decade (Brose, 2010). It is also suggested that sustaining an oak forest could rely on a
crown-touching release on approximately 120 high-quality oak saplings per hectare
(Miller et al., 2007; Brose et al., 2008) as crop trees have an almost 100% survival rate to
maturity if they are in a dominant canopy position at crown closure (Ward and Stephens,
1994; Ward, 2009). The implementation of a crown-touching release within the
experimental units located in Berea College Forest is viable as the average oak density
exceeds 120 oak stems per acre, and exceeds DBH, potentially giving released oak stems
a height advantage against its competitor species.
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CHAPTER 5. CONCLUSION
Regeneration patterning of oaks and competitor species are well documented
within harvested gaps; however, information on the influence of edge effects and the
surrounding forest matrix in gap-based irregular shelterwood systems is limited. Gapbased silviculture has proven to be effective at regenerating a diverse suite of species
possessing a wide range of shade tolerance characteristics (Phares, 1971; Coates and
Burton, 1997; Arseneault et al., 2011). This research provides further evidence of this
effectiveness as the usage of gap-based irregular shelterwood practices on Berea College
Forest, Berea, KY resulted in microclimate gradients and species spatial patterning within
the gap and the surrounding edges. Subsequently, it also provides information of how the
distribution and abundance of species has changed from initial gap formation until the
onset of canopy closure (pre-harvest to eight years post-harvest).
Project data collected two years post-harvest indicated that a narrow zone
associated with the gap edge environment may be the key locale for developing
competitive oak reproduction (Patterson et al., 2021). Although oaks displayed the
greatest growth rates within the gap, oaks competitiveness was highest at edge locations
where oak density was greatest and oaks proportional density exceed a primary
competitor species, yellow-poplar. However, a suite of competitor species overtopped
oak across the entire spatial gradient, including gap edge. For oak, red maple and yellowpoplar, a midstory removal matrix treatment provided few statistically significant benefits
in comparison to an untreated matrix. Thus, foundational evidence of whether a midstory
removal silviculture treatment can amplify edge effects surrounding a harvest gap to
promote oak regeneration seems to be deficient. To better promote oak’s
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competitiveness, further research on relationship between the characteristics of
silvicultural gaps (i.e., gap size and arrangement) and edge environments must be
conducted.
Considering post-treatment light transmission was the only microclimatic
parameter measured within this study, the influence of other microclimatic factors (i.e.
soil moisture) on oak regeneration gradients is unknown (Patterson et al., 2021). Other
limited factors included the usage of one experimental gap size, one geographic location
and limited replication. Consequently, the results are likely restricted to the Northern
Cumberland Plateau region of the U.S. and cannot single handedly outline application
details for gap-based silvicultural practices used for improving natural oak reproduction.
However, study duration has provided an understanding of the regenerative success and
competitive ability of oak from pre-treatment to the onset of canopy closure. Similarly,
this research can be used to provide an example of how gaps and gap edge environments
can be used to influence regeneration dynamics species possessing a range of shade
tolerances and growth strategies.
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APPENDIX
APPENDIX 1. LIGHT TRANSMITTANCE DATA
Figure A1.1 Percent light transmittance (mean ± SE) by matrix zone treatment across the
gap-based experimental unit during the first growing season after harvest, 2013
(Patterson et al., 2021). Gap center is denoted as 0 m while the dashed vertical line at 30
m identifies the location of the gap edge (Patterson et al., 2021).
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